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Abstract

Complexity in the nervous system is established by developmental genetic programs, maintained
by differential genetic profiles, and sculpted by experiential and environmental influence over
gene expression. Determining how specific genes define neuronal phenotypes, shape circuit
connectivity, and regulate circuit function is essential for understanding how the brain processes
information, directs behavior, and adapts to changing environments. Mouse genetics has
contributed greatly to current percepts of gene-circuit interfaces in behavior, but considerable
work remains. Large-scale initiatives to map gene expression and connectivity in the brain,
together with advanced techniques in molecular genetics, now allow detailed exploration of the
genetic basis of nervous system function at the level of specific circuit connections. In thisreview,
we highlight several key advances for defining the function of specific genes within a neural
network.

Introduction

The brain is comprised of numerous inter-connected and parallel circuits essential for
directing behavior. Distinct neuronal phenotypes within discrete anatomical subregions
define specific nodes, or brain nuclei. Neuronal identity within nuclei is established by
specific genetic profiles essential for determining cellular location, morphology,
neurotransmitter phenotypes, and connectivity. A major goal of current behavioral
neurobiology isto precisely define how unique genetic signatures coordinate nervous system
development, maintain and modify connectivity, and facilitate information propagation to
control circuit function.

Reverse genetics approaches permitting germline transmission of ectopic transgenes,
targeted gene disruption through homol ogous recombination, and nuclease-directed genome
editing, provide the means to precisely define gene function within the nervous system.
These approaches, interleaved with combinatorial genetics and viral vector-based
techniques, now allow for the necessity and sufficiency of specific genesto be defined not
only in particular neuronal cell types, but in neurons projecting to discrete targets.

Characterization of functional anatomical connectionsin the brain is an essential component
of gene-circuit dissection. Elucidation of the neural “connectome” has been greatly
advanced by the development of tools for retrograde and anterograde tract tracing. A
systematic mapping of neuronal projections of the mouse brain, discussed in detail below,
provides a key resource for future experimental design. More sophisticated anatomical
mapping approaches defining connections onto specific neuronal cell types have also been
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demonstrated (DeFalco et al., 2001; Kissa et al., 2002; Watabe-Uchida et al., 2012;
Wickersham et al., 2007) and will further bolster functional identification of cell-specific
connections.

In addition to emerging tools for defining cell specific anatomical connections, functional
neural networks can now be tested using advanced techniques involving genetically encoded
effectors for activating and inhibiting specific neuronal populations, such as light-activated
channels (the channelrhodopsin family; Boyden et al., 2005), ligand-gated ion channels
(Arenkiel et al., 2008; Slimko et al., 2002), and Receptors Activated Solely by Synthetic
Ligands (RASSLs; Coward et al., 1998) or Designer Receptors Exclusively Activated by
Designer Drugs (DREADDSs; Armbruster et al., 2007). These techniques enable rapid
determination of how the brain is wired and how these connections regulate behavior, thus
providing a necessary platform upon which genetic control of circuit function can be
explored.

In the subsequent sections, we will highlight resources for identifying gene expression
profiles and brain connectivity, as well as review established and emerging technologies for
targeted gene inactivation. We will outline current methods for determining gene necessity
and sufficiency within specific circuit elements using conditional gene knockout and
combinatorial viral vector approaches, and propose aternatives for future exploration.

Bioinformatics Tools for Directing Gene-Circuit Exploration

Identification of genesimportant for neural circuit function can begin with discovery-driven
approaches to uncover specific expression patterns, or with hypothesis-driven designs to test
the function of a single gene within a network. Traditionally, gene expression studies
required individual investigators to painstakingly analyze expression profiles for a small
number of genes. However, with the compl ete sequencing of the mouse and human genome,
it has become possible to perform high-throughput mRNA in situ hybridization studies for
all predicted protein encoding genes.

Large-scale gene expression atlases have been completed at the Gene Expression Nervous
System Atlas (GENSAT), GenePaint, and the Allen Institute for Brain Science (AIBS)
(Table 1). GENSAT has provided a broadly useful supplement to these and other in situ
hybridization efforts by generating alarge library of transgenic mice expressing reporter
proteins, such as EGFP and the DNA recombinase Cre under the control of specific gene
promoters, providing an alternative method for expression mapping and functional testing.
These unbiased and systematic approaches, along with increasingly accessible web-based
platforms for advanced searches of genes and brain structures, provide invaluable resources
for the neuroscience community, fueling discovery-driven science.

Recent advances in mRNA isolation have also made possible the description of active
transcriptomesin agiven cell type. Specifically, the RiboTag (Sanz et al., 2009) and TRAP
(Doyle et al., 2008; Heiman et al., 2008) methods use ribosomal subunits tagged with HA or
EGFP, respectively, to immunoprecipitate polyribosomes and any accompanying mRNAS.
By expressing the tagged ribosomes only in promoter-specific cell populations, a spatially
and temporally selective transcriptional profile can be generated through microarray
analysis, allowing for unprecedented resolution of gene expression profiles.

A crucial step in determining genetic regulation of circuit function is defining the
connectivity of the nuclel expressing the gene. In addition to conventional dye and enzyme-
linked tracing experiments, development of retrograde and anterograde transsynaptic viral
tools has enabled more refined separation of neuronal subtypes based on their projection
targets (Callaway, 2008; Song et al., 2005). Caveats to transsynaptic viral tracers include
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replication, which can lead to cytotoxicity, and propagation across multiple synaptic
connections, which can complicate circuit analyses (Ugolini, 2010). Modifications to these
viruses, making them replication incompetent and dependent on Cre-mediated
recombination (DeFalco et al., 2001; Lo and Anderson, 2011; Wall et al., 2010), or co-
expression of the envelope receptor protein TVA (Miyamichi et al., 2011; Wickersham et
al., 2007), have significantly improved selectivity, elucidating detailed cell-specific
connectivity (Watabe-Uchidaet al., 2012).

Supplementing these directed efforts, the AIBS has begun alarge-scale “ connectomics”
project to anatomically trace interconnections between the major brain regions. Anterograde
tracing between large numbers of brain regions using GFP-expressing viruses has already
been completed and datasets are available online describing high-resolution serial two-
photon reconstruction of connections throughout the brain (Table 1).

In addition to online resources for exploring gene expression and connectivity, many
resources are available to identify existing genetic tools (Table 1), including the
International Knockout Mouse Consortium (IKMC), a collaboration of several regiona and
institutional projects. The goal of this consortium is to mutate every protein-coding gene
with gene trapping or gene targeting technology. Of particular importance for studying adult
neural function, conditional (i.e. floxed) gene knockouts, discussed in detail below, are
being generated for all protein-coding genes (Skarnes et al., 2011). The IKMC has an online
database to search for live mice, ES cell clones, and targeting vectors (Table 1). To date,
they have generated over 2000 mouse lines, 36,000 ES cells clones, and 22,000 targeting
Vectors.

Transgenic and Gene Knockout Technologies for Cell-Specific Gene
Manipulation

At the center of gene/circuit interface studies are several advances in mouse genetics:
transgenesis, gene targeting through homologous recombination, and genome editing. In
transgenic mice, ectopic genes (i.e. transgenes), are randomly integrated into the genome
and expressed in specific cell types through the use of minimal, cell-selective promoters
(Palmiter, 1998). In contrast, gene targeting through homol ogous recombination in cultured
mouse embryonic stem (ES) cells alows for the manipulation of gene expression at specific
endogenous loci (Doetschman et al., 1987; Thomas and Capecchi, 1987). These approaches
are now standard practice for genetic manipulation and many transgenic and knockout mice
have been generated with neuronal and behavioral phenotypes, providing a wealth of
knowledge regarding the genetic regulation of neural circuit function.

More recent advances in genome editing techniques using zinc finger nucleases (ZFNs,
Carbery et al., 2010), transcription activator-like effector nucleases (TALENS; Sung et al.,
2013), and the clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas-
associated protein (Cas) system (Wang et al., 2013) can rapidly generate targeted ES cells
harboring specific genetic mutations. CRISPR/Cas-mediated genome editing, for example,
can be designed for homol ogy-directed repair-mediated editing to introduce specific base-
pair substitutions, and is capable of generating multiple targeted alleles in a single mouse
(Wang et al., 2013). Given the role of multiple mutations in the etiology of diseases,
including psychiatric disorders (Gottesman et al., 1982) the ability to generate mice
harboring multiple mutations will facilitate the elucidation of genetic interactionsimplicated
in diseased states.

Gene targeting and genome editing technologies alow for global gene inactivation (Figure
1a), but do not permit the temporal and spatial control of gene manipulation essential for the
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study of gene-circuit interfaces. A major advance in genetics allowing such alevel of
refinement is the method of Cre-loxP recombination, described by Sternberg and Hamilton
(Sternberg, 1981; Sternberg and Hamilton, 1981; Sternberg et al., 1981). Isolated from
bacteriophage P1, the recombinase enzyme Cre recognizes specific palindromic DNA
sequences, called loxP (lacus of crossover in P1) sites, and catalyzes site-specific
recombination. When loxP sites flank a section of DNA, the DNA is said to be “floxed”
(Figure 1a) and Cre-mediated recombination will excise the floxed sequence (for review see:
Birling et al., 2009; Branda and Dymecki, 2004; Kilby et al., 1993; Stark et al., 1992).

Generating targeted ES cells harboring conditional aleles has historically been alaborious
process; however the use of ZFNs to target insertion of loxP sequences into specific loci has
recently been demonstrated in rat fertilized eggs (Brown et al., 2013). Utilizing an approach
similar in concept to recombinase-mediated cassette exchange (RMCE, discussed below),
plasmids containing donor DNA sequences flanked by specific ZFN recognition sites can be
used to facilitate homol ogous end joining, inserting |oxP sequences at specific locations
(Figure 1b). Demonstrating the viability of this techniquein rats opens new avenues for the
exploration of gene circuit interfaces in multiple model organisms.

In addition to selective gene inactivation, the Cre/loxP system can also be used to control
ectopic gene expression, either through viral-mediated conditional transgene delivery,
conventional transgenesis (Brooks et al., 2000; Brooks et al., 1997), or homologous
recombination of a conditional transgene into an endogenous locus, such as Rosa26
(Soriano, 1999). In these cases, either afloxed transcriptional “STOP” cassette prevents
transgene expression in the absence of Cre (Lakso et al., 1992), or the transgene is inserted
in an inverted orientation between staggered, non-homologous lox pairs (Schnutgen et al.,
2003). The latter configuration, referred to as“FLEX” or “DIO”, takes advantage of two
observations: 1) lox sequences can vary within the eight base pairs between the palindromic
sequences and recombination between these non-homologous lox variants (ie loxP, 10x2272,
lox511) will occur with extremely low efficiency (Hoess et al., 1986); and 2) when lox sites
are in the so-called head-to-head configuration, Cre mediates inversion of the DNA rather
than excision (Abremski et al., 1983). Thus, with the FLEX approach, Creinitially mediates
an inversion between one loxP set, placing the alternate set into the correct head-to-tail
orientation allowing for Cre-mediated recombination/excision and stable transgene
expression (Figure 1¢). In addition to conditional expression of a single transgene, FLEX
can also be used to ‘swap’ expression of cCDNA cassettes, turning one gene on while the
other isturned off (Schnutgen et al., 2003).

An additional means of “swapping” expression cassettes utilizes the technique of
recombinase-mediated cassette exchange (RMCE; Bouhassira et al.,1997). Once a targeted
allele has been generated, expression cassettes for alternate reporter or effector proteins or
specific mutations with the coding region of a gene of interest can be “ swapped” through
targeted homol ogous recombination. The identification of multiple site-specific
recombinases such as Cre, Flp, Dre, and $C31 (discussed further below), now allow for the
generation of highly versatile genetically engineered alleles (Figure 1d) for rapid generation
of multiple mouse lines for the manipulation of neural circuits.

Spatial and Temporal Control of Gene Expression Using Recombinase
Technology

To define the role of a gene within aneura circuit component, it is essential to achieve
anatomical selectivity. A large number of mouse lines have been generated expressing Cre
recombinase under the control of various promoters, allowing regional and/or cell-type
selective genetic manipulation (Table 2 and Figure 2a,b). One of the most common methods
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for generating Cre lines has been the use of non-targeted transgenics, in which aCre
expression cassette and specific upstream promoter are randomly inserted into the genome.
The site of insertion and the size of the promoter can significantly affect the Cre expression
pattern (Palmiter and Brinster, 1986; Wilson et al., 1990), and numerous founder lines are
often required to identify a strain with the desired specificity (Tsien et al., 1996a).
Variability in transgenic Cre lines can be reduced by using a bacterial artificial chromosome
(BAC) to generate transgenics (Gong et al., 2007; Heintz, 2001; Yang et al., 1997). A major
effort of the GENSAT project has been to generate alarge library of BAC transgenic mice
expressing promoter-specific Cre; nearly 250 lines are now available. BACs have sufficient
capacity to include large portions of specific promoters, minimizing positional effects and
yielding transgene expression more similar to that driven by an endogenous promoter of
choice. However, one potential caveat of BAC transgenics that remains unresolved is the
biological effects of insertion of multiple large chromosomal fragments into the genome
(Adeet al., 2011; Kramer et al., 2011; Nelson et al., 2012).

Another strategy for generating cell-selective Crelinesistargeted ‘ knock-in' of Creinto the
endogenous locus of a gene (Zhuang et al., 2005). These lines use the full endogenous
promoter and regulatory elements to provide more precise transcriptional regulation without
extraneous chromosomal DNA. However, they generally disrupt endogenous gene
expression, which is disadvantageous if a haploinsufficiency phenotype is associated with
the disruption. One solution to ateration of gene expression associated with Cre knock-inis
bicistronic alleles containing an internal ribosome entry site (IRES), which enables
trandlation of two separate proteins from a single mRNA (Lindeberg et al., 2004). One
caveat of the IRES system is that the gene following the IRES sequence is often expressed at
reduced levels. An alternative approach is the picornavirus “ self-cleaving” 2A peptide,
which encodes a tranglational ribosomal “skip” (Donnelly et al., 2001). Insertion of reporter
or effector constructs in-frame following the 2A sequence allows for the efficient generation
of independent proteins from a single transcript (Kim et al., 2011).

A major caveat to using Cre lines to selectively study gene function in specific cell types of
the adult brain is the observation that some genes are transiently expressed during early
development. Even if the promoter driving Cre expression is predominantly active in the
adult, low levels of developmental Cre expression are sufficient to induce recombination,
permanently altering expression of a given gene. For Cre lines not well-characterized,
developmental expression can be tested by crossing the Cre line to a conditional reporter
line. Typical reporter lines contain a transgenic fluorescent reporter, such as TdTomato
(Madisen et al., 2010), or a colorimetric reporter, such LacZ (Soriano, 1999), inserted
behind a floxed-STOP cassette. The reporter will be turned on permanently in acell even if
Creisonly turned on briefly, revealing the developmental expression profile of agiven Cre
line.

To avoid potential problems associated with developmental expression of Cre, the enzyme
can be temporally regulated using a myriad of inducible systems (Figure 1c). The most
widely used inducible Cre system is Cre-ER, in which the ligand-binding domain of the
estrogen receptor (ER) isfused to Cre (Indraet al., 1999; Metzger et al., 1995). Thisfusion
proteinisretained in the cytosol until activated by the artificial ER ligand, tamoxifen. Upon
tamoxifen binding, Cre-ER translocates to the nucleus and catalyzes recombination. Other
ligand-activated Cre derivatives exist with varying degrees of temporal resolution (Bockamp
et al., 2002).

A second inducible Cre system utilizes the tetracycline-controlled transactivator (tTA;
Gossen and Bujard, 1992; Gossen et al., 1995; Kistner et al., 1996; Lindeberg et al., 2002).
With this system (Tet-off), transcription of Cre (or any desired gene) is regulated by the tetO
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promoter, which requires binding of tTA protein. tTA isinhibited by administration of
doxycycline, which binds to the protein and prevents it from activating tetO. An alternate
system (Tet-on) uses amutated version of tTA (rtTA) that only binds to the promoter in the
presence, rather than absence, of doxycycline, creating a system in which Cre expression
can be turned on, rather than off, by doxycycline. Tet-controlled Cre lines are avail able that
can be crossed with mouse lines expressing tTA or rtTA under any given promoter, allowing
for flexible and controlled Cre expression (Schonig et al., 2002). Though unintended
“leaky” gene expression is aconcern, particularly with rtTA, improved versions of the
protein have been developed and can be used in combination with a tetracycline-controlled
transcriptional silencer (tTS) to greatly increase the “tightness’ of the system (Freundlieb et
al., 1999; Sun et al., 2007; Urlinger et al., 2000). Several online resources are available for
finding traditional and inducible Cre lines, including Jackson Laboratories, Cre-X-mice,
GENSAT, Mutant Mouse Regional Resource Center (MMRRC), NIH Blueprint Cre Driver
Network, and the AIBS Transgenic project (Table 1).

Viral Delivery of Recombinases, Transsynaptic Tools, and Combinatorial
Approaches

Promoter-specific Cre mouse lines can provide cell selectivity and inducible systems can
provide temporal resolution, but in many cases more restricted Cre expression is desirable.
Region-restricted inactivation of a gene of interest can be achieved through viral-mediated
delivery of Cre (Scammell et al., 2003; Figure 2c), and a cell-type specific promoter will
refine expression further. Several types of virus are currently used for delivering genesinto
the brain (for review, see: Davidson and Breakefield, 2003; Mah et al., 2002; Washbourne
and McAllister, 2002). Two of the most commonly used are adeno-associated virus (AAV)
and lentivirus; both effectively transduce neuronsin vivo and are suitable for long-term,
stable gene expression. An additional advantage of viral-based methods is that their use
extends to species other than mice, including rats and primates (Kordower et al., 1999;
Naldini et al., 1996).

Though viral gene delivery provides regional specificity, neurons from one nucleus can
project to several distinct downstream targets. Genetic isolation of neurons that project to
specific targetsis required for effective dissection of circuit elements. Several retrogradely
transducing viral vectors, including rabies virus (Osakada et al., 2011), pseudorabies virus
(PRV; Card et al., 2011), and canine adenovirus (CAV; Hnasko et al., 2006), have been
engineered to deliver Cre to neurons projecting to select targets, but each has limitations. In
addition to their synaptic uptake and retrograde transport, CAV and PRV can a so transduce
neurons at the site of injection or fibers of passage (Aston-Jones and Card, 2000; Soudais et
al., 2001). Both rabiesand PRV are cytotoxic, limiting their use to applications not requiring
prolonged viral-mediated expression (Ugolini, 2010). CAV does not cause cell death and
does not replicate or spread to upstream synaptic partners (Soudais et al., 2004), making it
suitable for long-term gene expression in projection-specific neuronal populations; however,
CAYV istechnically challenging to generate. Cytotoxity issues can also be overcome using
locally transducing viral vectors expressing Cre protein tagged with transsynaptic proteins
such as wheat germ agglutinin (WGA) or tetanus toxin light chain (TTC) (Gradinaru et al.,
2010). These approaches currently lack the ability to limit which neurons take up the virus
and express the encoded genes, though further specificity could be achieved using cell-type
specific promoters or by requiring co-expression of additional factors, as described above.

Improved isolation of neurons projecting to specific targets can also be achieved using
combinatorial approaches. For example, in acombinatorial viral approach, aretrograde virus
containing Creisinjected into atarget region of interest, and a second virus containing a
conditional transgene (e.g. AAV-FLEX-Gene or AAV-floxed-STOP-Gene) is injected into
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the afferent of interest. However, to take full advantage of the many floxed conditional
mouse lines available, additional combinatorial approaches need to be devel oped.

One potential approach involves the use of multiple recombinases. In addition to Cre,
numerous other recombinases have been identified that recognize unique recombination
sites, such as Flippase (FIp), ®C31, and Dre (Birling et al., 2009), which can be combined
for intersectional purposes. For example, conditional gene expression can be made
dependent on both Cre and Flp recombinases (Dymecki et al., 2010; Kim and Dymecki,
2009). With this approach, Cre and Flp are each under the control of distinct promoters, and
an intersectional population of cells expressing both recombinasesis used to target avery
specific group of neurons. The recombinases can be introduced via any combination of
transgenic mouse lines, locally transducing viruses, and/or retrogradely transducing viruses.
To date, such an intersectional approach has only been used to express marker proteins
(Dymecki et al., 2010), but it could easily be adapted to the expression of any transgene or
targeted alele. Alternatively, generating recombinase-inducible recombinase systems, such
as Flp-inducible Cre (Figure 2d), would allow for higher resolution intersectional gene
manipul ation, taking advantage of the many floxed mouse lines already in existence. Thus,
integrating these tools with existing transgenic, gene knock-in, and viral vector based
approaches will profoundly improve circuit-level dissection of gene function.

Defining Necessity and Sufficiency of a Gene within a Circuit

Testing the necessity and sufficiency of a gene within acircuit can be achieved using a
variety of techniques, often relying on a combination of the approaches outlined above. If a
gene of interest is only expressed in a discrete neuronal population monosynaptically
connected with another nucleus, then conventional gene inactivation may adequately
establish necessity within the circuit. Unfortunately, this scenario is the exception, rather
than the rule, and more specific gene manipulation is typicaly required.

Conditional mice are not always available for a gene of interest, but this can often be
overcome using viral vector delivery systems for knockdown of gene expression with RNA
interference (RNAI; Davidson and Boudreau, 2007; Dreyer, 2011). Commercially available
libraries of short-hairpin RNAs (shRNA) can be used to direct initial in vitro screens, and
generating small libraries of sequences for testing is relatively straightforward. Cell-
selective gene expression knockdown can be achieved using floxed shRNA-based
approaches. These techniques have been used effectively both in vitro and in vivo (Fritsch et
al., 2004; Tiscorniaet al., 2004; Ventura et al., 2004; Zhou et al., 2007), though to our
knowledge this technology has not yet been utilized for highly specific gene knockdown in
the nervous system.

Conditional RNA. is particularly amenable to projection-specific expression (Figure 3a).
This can be achieved by combining injection of aretrogradely transported Cre virusinto the
projection target region and an AAV or lentivirus containing afloxed shRNA into the
projection origin region. An alternate strategy would be to generate aretrograde virus
containing a floxed shRNA and inject it into a Cre-expressing mouse. A mgjor limitation to
this latter approach is the laborious nature of generating CAV vectors and the toxicity of
rabies and PRV vectors.

Similar to RNAI, dominant-negative approaches can be utilized with Cre-dependent viral
vectors to study necessity (Figure 2a). Numerous dominant-negative mutations exist
(Herskowitz, 1987; Wells and Carter, 2001), and depending on the size of the dominant
mutant form of a gene, different viral preparations can be used for packaging into
conditiona floxed-STOP or FLEX configurations. Resembling conditiona viral-mediated
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RNAI approaches, conditional dominant-negatives can be combined with retrogradely
transducing viral vectors or transsynaptic Cre proteins to determine gene function in specific
projection neurons of the adult mouse.

Once gene necessity within acircuit has been established, it is often desirable to determine
whether ageneis sufficient in a discrete cell type to mediate a given circuit function. Viral
delivery of anon-conditional expression cassette can restore gene function to a particular
brain region in aglobal knockout animal (Olson et al., 2006); however, this can lead to
ectopic expression in cells that do not normally express the gene (Figure 3b). Severa
alternative approaches can increase specificity. First, if afloxed gene was inactivated in
multiple brain areas by cell-type-specific Cre, then sufficiency within a specific area can be
tested by viral-mediated delivery of aconditional expression cassette that will restore the
gene of interest (Zweifel et al., 2011). To achieve even broader tests of minimal sufficiency,
Cre knock-in lines can be used (Figure 3c). In this case, mice homozygous for Cre insertion
are null mutants and gene expression can be restored using viral delivery of a conditional
cDNA to either alarge area of the brain (Quintana et al, 2012) or to specific subnuclei (Gore
and Zweifel, 2013). A similar effect can be achieved using a specific Cre line crossed to a
conventional global knockout.

In the rare cases in which ageneis only expressed in a specific neuronal cell type projecting
to abrain region, retrograde viruses can be used to restore gene function and test for
sufficiency. Thisis best demonstrated by selective restoration of tyrosine hydroxylase (TH)
to dopamine neurons projecting to specific targets through site specific injection of CAV-
Creinto a mouse with afloxed-STOP cassette disrupting the endogenous TH gene (Hnasko
et al., 2006). Alternatively, CAV-Cre could be injected into atarget of interest in an animal
with global gene inactivation, and a conditional viral vector can be delivered to the
projecting nucleus of interest (Figure 3d). In an interesting twist on the concept of necessity
and sufficiency with acircuit, Parker et al. (2011) injected CAV-Cre into the ventral
tegmental area (VTA) of an animal containing a floxed Grinl gene, knocking out NMDA
receptors within the VTA and its afferents. These animals were impaired in appetitive
Pavlovian learning, demonstrating the necessity of this gene in those neurons. This behavior
was rescued using a conditional virus to restore NMDA receptor function only in the
prefrontal cortical neurons projecting to the VTA, illustrating the sufficiency of the genein
that specific afferent population.

Discussion

Fueled by both discovery- and hypothesis-driven scientific approaches, mouse genetics will
continue to advance our understanding of how differential gene expression contributesto
neural function during both normal cognitive processes and pathological disease states. In
this post-genomic era, combining the collective knowledge emerging from large-scale
initiatives to map the full mouse transcriptome and connectome will lead to a greater
understanding of how differentially expressed genes function within specific circuits. These
studies will likely challenge the often-held assumption that a single gene carries out the
same function in disparate neuronal populations. Hinting at the rich complexity of genetic
regulation of circuit function in the mammalian nervous system, it is estimated that 740
genes encode proteins in the post-synaptic density; of these, approximately one-third show a
greater than five-fold difference in expression between brain regions (Hawrylycz et al.,
2012).

Though mouse genetics is an extremely powerful tool for the study of the nervous system,

like any scientific tool it is not without limitations. Most genetically modified alleles are
maintained on a highly inbred C57/BI6 background strain, which exhibits some
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physiological and behavioral characteristics that are not shared with other strains (Belknap
etal., 1993; Brase et al., 1977; Mogil et al., 1999). In addition, the small size of mice can
pose challenges for some in vivo manipulations, such as electrophysiological recordings.
The ongoing development of rat genetics (Schonig et al., 2012; Weber et al., 2011; Witten et
al., 2011), particularly the use of ZFNs to generate targeted, conditional alleles (Brown et
al., 2013), in combination with viral vectors suitable for use in multiple species, will provide
greater access to genetic dissection of circuit function in amodel system better suited for
some investigations.

While we have outlined several methods for controlling gene expression within a circuit,
there are numerous additional ways in which gene necessity and sufficiency can be tested,
some of which have yet to be conceptualized. In addition, just as there is a plethora of
techniques for manipulating genes, there are as many methods to interrogate circuit function
in genetically modified mice. Many of these approaches directly intersect with molecular
genetics, such as visualizing one or more specific cell types using fluorescent reporter
mouse lines (Shuen et al., 2008), imaging dynamic changes in intracellular signaling
pathways using genetically encoded indicators (Zariwala et al., 2012), or isolating a
population of neurons during in vivo electrophysiology using light-activated channels
(Anikeevaet al., 2012). Moving forward, it will be essential to utilize these approachesin
concert and develop new techniques and novel combinations to elucidate the complex
interaction between genes, neural circuits, and environmental factors.
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Figure 1. Approachesfor generating conditional alleles

[lustration of atraditional and conditional gene knockout approaches, showing awild-type
alele (1) and disruption of the open reading frame of the gene by insertion of a positive
selection marker, such as the Neomycin resistance gene (white arrow) (2). Alternatively, a
conditional alele can be through insertion of loxP sequences flanking critical exons of the
gene (3), in this case the positive selection marker is flanked by frt sequencesto facilitate
subsequent removal by Flp recombinase. An aternative strategy for generating conditional
allelesinvolves the use of ZFNs (b). In this case MRNAS encoding ZFNs designed to target
specific DNA sequences (ZFN1 and ZFN2) and plasmids containing DNA homology to the
allele flanking loxP sites are injected into fertilized eggs (adapted from Brown et al., 2013).
Subsequent breeding of founders generated by this strategy allows for the establishment
lines with targeted alleles allowing germline transmission. In addition to mediating gene
inactivation, Cre-loxP can be utilized to turn on stable expression of transgenes using the
FLEX strategy (c). In this strategy staggered non-homologous loxP pairs flank an inverted
open reading frame for a transgene of interest. Initially, Cre mediates an inversion between
one of the two loxP pairs (1), flipping the alternate pair in the correct orientation (2) to allow
for Cre-mediated recombination (3) and excision (4), thus generating stable transgene
expression. Once a desired allele has been targeted to allow transgene expression, specific
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effector (Eff) or reporter (Rep) cassettes can be exchanged using RMCE (d). In this case

RMCE is mediated by ®C31 recombinase which facilitates uni-directional recombination
between att recognition sites.
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Figure 2. M ouse genetic approachesto study gene necessity in the nervous system

Cell-selective gene inactivation (a) can be achieve by crossing a mouse with afloxed alele
(top left) to amouse with Cre expression driven by a cell-specific promoter (bottom left).
Temporal regulation of gene inactivation (b) is frequently accomplished by using mice with
afloxed alele on an inducible Cre background (CreER) driven by a select promoter. When
injected with Tamoxifen, the CreER trans ocates to the nucleus to mediate gene inactivation.
Regionally restricted gene inactivation in mice with afloxed allele can be achieved by site-
specific viral vector delivery of Cre (c). Finaly, atheoretical combinatorial recombinase-
based approach (d), illustrates a mouse with a floxed alele on a Flp background, with Flp
expression driven by promoter Y (left). A second mouse (middle), with the same floxed
alleles, carries a Cre gene driven by promoter X and regulated by an frt-STOP cassette (frt
sites are the Flp equivalent of loxP sites). Crossing these mice yields offspring (right) with
inactivation of the floxed alele only in the intersectional population of cells with expression
driven by both promoters X and Y.
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Figure 3. Combinatorial viral and genetic approachesto studying gene necessity and sufficiency
in the mouse brain

Projection-specific genetic necessity can be tested using viral delivery of shRNA or a
dominant-negative (DN) version of the gene of interest (a). In this example, the retrograde
transducing viral vector (CAV) containing a Cre expression cassette isinjected into a target
area of interest and alocal transducing virus (AAV) containing either a conditional shRNA
to the gene of interest or a conditional expression cassette for a DN protein isinjected into
the area of interest (gray). Intersectional neurons projecting to the target (purple) will
express the shRNA or DN and other projection neurons (gray) will be unaffected. Genetic
sufficiency can be tested in a brain nucleus of interest on anull allele background by
injecting alocally transducing viral vector (b) containing arescue cassette (AAV-Rescue),
but this will be expressed in all neurons within the region injected (green). Alternatively,
cell-selective gene sufficiency testing can be performed if the null alele is generated by
insertion of Creinto the gene's open reading frame (). Injection of a conditional rescue
cassette (AAV-FLEX-Rescue) into a hucleus of interest restores gene expression only to the
neurons endogenously expressing the gene (green). A caveat to this approach is that it will
restore expression of the gene to cells projecting to multiple targets. A combined viral vector
approach for testing gene sufficiency in neurons projecting to a specific target can also be
performed, similar to necessity testing in (a). Here, CAV-Creisinjected into atarget of
interest and the conditional AAV-FLEX-Rescue virus isinjected into the area of interest to
express the transgene only in a specific projecting population (d).
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List of internet resources for identifying gene expression profiles, connectivity maps, and transgenic mouse

lines available to the scientific community.

Mouse Genetics

Mouse Genome Informatics (MGI)

UCSC Genome Browser

Transgenic/K nockout Mice

International Knockout Mouse Consortium (IKMC)
The Jackson Laboratory

Cre-X-Mice

Mutant Mouse Regional Resource Center (MMRRC)
NIH Blueprint Cre Driver Network

Allen Institute Transgenic Mouse Project

Gene Expression Databases

Allen Mouse Brain Atlas

Gene Expression Nervous System Atlas (GENSAT)
Gene Paint

Connectome Resour ces

Allen Mouse Brain Connectivity Atlas

Human Connectome Project

http://www.informatics.jax.org/

http://genome.ucsc.edu/

http://www.knockoutmouse.org/
http://jaxmice.jax.org/
http://nagy.mshri.on.ca/cre_new/
http://www.mmrrc.org/
http://www.credrivermice.org/

http://connectivity.brain-map.org/transgenic

http://mouse.brain-map.org/
http://www.gensat.org
http://www.genepaint.org/

http://connectivity.brain-map.org/

http://www.humanconnectomeproject.org/
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Cre Tools Sources of Cre recombinase for use in targeted homol ogous recombination experiments.

MouseLines

Random insertion transgenics ~ Cre driven by a cell-type specific promoter,

inserted at random into the genome

Highly subject to position effects
depending on locus of integration
into the genome

Tsien et al., 1996a

BAC transgenics

Credriven by acell-type specific promoter,
delivered via bacterial artificial chromosome

Reduces position effects; large
pieces of DNA inserted into
genome

Heintz, 2001; Yang et
al., 1997

Targeted knock-in

Cre replaces the endogenous gene at the
endogenous locus

Endogenous gene expression is
disrupted

Zhuang et al., 2005

Targeted IRES knock-in

A bicistronic cassette at the endogenous
gene locus maintains gene expression along
with Cre

Endogenous gene expression is
largely maintained

Lindeberg et al., 2004

Local Viruses

AAV-Cre

Adeno-associated virus expressing Cre

Stable long-term expression;
possible off-target effects.

Ahmed et al., 2004;
Scammell et al., 2003

Lentivirus-Cre

Lentivirus expressing Cre

Stable long-term expression;
possible off-target effects.

Ahmed et al., 2004

Retrograde Viruses

Pseudorabies-Cre Transsynaptic retrograde virus expressing Can be targeted to specific cell Cardetal., 2011
Cre populations; toxic to cells.

Rabies-Cre Transsynaptic retrograde virus expressing Can be targeted to specific cell Osakadaet al., 2011
Cre populations; toxic to cells.

CAV-Cre Monosynaptic retrograde virus expressing Suitable for long-term expression; Hnasko et al., 2006
Cre no cell-selective control

WGA-Cre AAYV encoding wheat-germ agglutinin Cellsinfected at site of injection Gradinaru et al., 2010

(WGA)-tagged Cre

secrete WGA-Cre, taken up by
neighboring terminals and
retrogradely transported
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